The current research of corrosion resistance of stainless steels mainly focuses on characterization of the passive films by point defect mode and mixed-conduction model. The corrosion resistance of the passive films formed on asreceived and sensitized AISI304 stainless steel in borate buffer solution were evaluated in this paper. The degree of sensitization and corrosion resistance of AISI304 stainless steels was evaluated by double loop electrochemical potentiodynamic reactivation and electrochemical impedance spectroscopy. The passive films formed on the stainless steels were studied by XPS technique. It was found that as-received specimen had higher pitting corrosion potential and corrosion resistance than sensitized one. The Mott-Schottky results showed that sensitized stainless steel had more defects in the passive film than as-received one. The compositions of the passive films were mainly Cr and Fe oxides according to XPS results. 
Introduction
Austenitic stainless steels are widely used in components designed for high temperature applications like nuclear power stations, superheaters, and thermal power plant [1] . However, some localized corrosion such as pitting corrosion [2, 3] , intergranular corrosion [4] , stress corrosion crack (SCC) [5, 6] were often observed especially in the temperature range of 450-900 °C. The chromium carbides (Cr 23 C 6 ) are is easily precipitated and resulted into sensitization in the grain boundaries. The depletion zone in which chromium concentration is less than 12 wt.% making the material vulnerable to corrosion [7] . The corrosion resistance of stainless steels is basically controlled by the protection of the surface oxide layer. The destruction of the passive films on stainless steels will induce SCC [8] [9] [10] . Therefore, further understanding the compositions and physical characteristics of the passive films formed on the stainless steels could probably help us to clarify corrosion mechanism.
The integrity of the passive film on stainless steel changes with its environment. Many factors may affect the properties of the passive film, such as temperature [11, 12] , applied potential [13] , solution pH [14] , time [14] , ion concentration of the electrolyte [15] , the composition [16] and heat treatment conditions of the materials [17] . The sensitized 316 stainless steel showed a wide range of potential for cracking and a transition from transgranular to intergranular cracking with the increasing of applied potential [18] . At a lower potential below the Flade potential, oxides of Fe 2+ were formed in the passive region for Fe-Cr alloys. Fe 2+ was oxidized to Fe 3+ with increasing of the potential above the Flade potential. Moreover, the oxides of Cr 3+ were changed into hexavalent chromium with a further increase in the potential [19, 20] . Kocijan et al. [21] found that the presence of molybdenum enhanced the corrosion resistance of 316L stainless steel due to the formation of Cr 2 O 3 and CrO 3 in the passive film. However, high chromium and molybdenum content induced also secondary phases and reduced the pitting potential value of Alloy 900. The main components in the passive film were chromium and iron oxides based on some test methods, such as XPS, non-destructive hard X-ray photoelectron spectroscopy (HAXPES) and angular resolved X-ray photoelectron spectroscopy (ARXPS) [11, 22] . The thickness of the passive film can also be determined by XPS and Auger electron spectroscopy (AES) [23] .
The heat treatment of components for stress relief could result in a sensitization. The intergranular corrosion is easy to occur in sensitized sample. Therefore, it is important to study the effect of sensitization on the stability of the passive films. The degree of sensitization (DOS) increases with the duration for 304H stainless steel in the range 550 °C to 750 °C. DOS increased and decreased thereafter for 304H stainless steel at 800 °C due to self healing [24] . Secondary phase presence induced by sensitization reduces the pitting potential value of Alloy 900. And the corrosion potential and open circuit potential increased due to higher temperature and sensitization [7] . DOS of the austenitic stainless steel can be distinguished clearly from the AC impedance response of the specimens when they are polarized in the middle of transpassive potential region [25] . Besides, the electrochemical impedance spectroscopy (EIS) method is widely used to characterize the oxide films formed on metals and alloys. It is also possible to obtain the information on the mechanism and the film growth model based on EIS analysis. Hamadou et al. [26] investigated thermally formed oxide films on AISI 304L stainless steel by impedance.
Therefore, the AISI 304 austenitic stainless steel is studied in borate buffer solution at pH 9.2. The effects of applied potential and sensitization on the protection of passive films on the specimens were studied by electrochemical techniques of potentiodynamic polarization, cyclic voltammetry and electrochemical impedance spectroscopy (EIS). The difference of semiconducting properties between as-received and sensitized specimens also was evaluated by Mott-Schottky measurement. In addition, the compositions of the passive films formed on the steels at special potentials were studied by XPS technique. Finally, the oxygen vacancy diffusivity was calculated using the point defect model (PDM), and then the impedance response was certificated according to PDM.
Materials and Experimental

Specimen Preparation
The chemical compositions of initial AISI 304 austenitic stainless steel plate with the 2 mm thickness is are shown in Table 1 . Some of the samples were heated for 5 h at 675 °C followed with water quenched. The samples were cut to cuboid with a dimension of 10 mm × 10 mm × 2 mm for test. Prior to the electrochemical studies the electrode surface was polished with 3000 SiC sandpaper, cleaned with distilled water and acetone, and then dried in air.
Electrochemical Procedure
A conventional three-electrode electrochemical cell and CHI 660B electrochemical station (Chenhua Instrument Co. Shanghai, China) were used. Two graphite counter electrode and a saturated calomel reference electrode (SCE) were used. Before each measurement the electrode was polarized cathodically at − 1.0 V SCE for 5 min to remove the natural passive films on the surface [27] . The potentiodynamic polarization tests were carried out at 1.67 mV/s and the potential range from − 1.2 V SCE to 1.0 V SCE . The cyclic voltammetry were recorded, starting at − 1.0 V SCE , using different scan rate, until the transpassive region was reached. Before the EIS measurements, the specimens firstly were polarized at − 0.2 V SCE, 0 V SCE , 0.2 V SCE , 0.4 V SCE , 0.6 V SCE and 0.8 V SCE , respectively, for 1 h to ensure the formation of stable enough films. These potentials were chosen with reference to the characteristic features of the polarization curve. The EIS was measured in the frequency range from 100 kHz to 10 mHz with AC amplitude of 10 mV (rms). Zsimpwin software was used to fit the EIS experiment data. Capacitance values were calculated from the imaginary part of impedance. The Mott-Schottky plots were obtained by sweeping in negative direction at constant frequency of 1000 Hz, with an amplitude signal of 5 mV. The potential range from 1.0 V SCE to − 1.2 V SCE with 20 mV potential step. 
Complementary Characterizations
The morphologies and stainless steel were characterized by a field emission scanning electron microscopy (FE-SEM) of LEO-1530). The compositions of passive films formed on stainless steel were measured by XPS. The XPS experiments were carried out using PHI Quantera SXM (ULVAC-PHI, INC). Photoelectron emission was excited by monochromatic Al Kα radiation. XPSPeak4.1 software was used to fit the XPS experiment data.
Results and Discussion
Microstructural Analysis
DOS value of sensitized specimen is 0.3499 while the as-received specimen is 0. The microstructures after the measurements of DOS are shown in Figure 1 . It can be seen that as-received specimen shows almost no ditches in grain boundaries, whereas a considerable number of ditches occur on sensitized specimens. Certain precipitates, which were mainly Cr 23 C 6 , were formed along grain boundaries, displaying a lower chromium value than the value inside the grain. Therefore, chromium depleted region deteriorates the corrosion resistance of the passive films. Figure 2 shows the potentiodynamic plots of AISI 304 stainless steel in borate buffer solution. Both of them display anodic polarization characteristic. The corrosion potential was − 0.468 V SCE for as-received specimen and − 0.42 V SCE for sensitized specimen, a little positive than as-received specimen. Besides, sensitized specimen has a little lower pitting corrosion potential than the as-received one. The passive range for both specimens were almost the same, from − 0.38 V SCE ~ 0.92 V SCE . This implies that precipitated Cr 23 C 6 along grain boundaries did affect the passivation behavior of the Cr depletion zone, which will be demonstrated by EIS and Mott-Schotty results, whereas the shape of the polarization curves did not change significantly. It is apparent that the curves include evident three regions. The metal starts to oxidize due to increased potential in active region. The oxidation is induced by the increasing of the current density. The metal surface is covered with a passive films which is a barrier layer between the metal and the corrosive environments in passive potential region. Higher passivated potential promotes to form stable passive film with higher oxidation valence. However, oxidation of metal cations also could result in a breakdown of the passive film and initiating unstable pits. Therefore, the passive film comes into the transpassive region and the stable pits appear with the increasing of the current density. The cyclic voltammetry is utilized for further study. The cyclic potentiodynamic curves of two stainless steel specimens are shown in Figure 3 . The anodic and cathodic peaks of the current density appear almost at the same potentials for both specimens. Prior the first anodic peak at − 0.4 V SCE (point A), the current density increases with the increasing of the potential due to the formation of Cr 3+ and Fe 3+ ions according to Aleksandra Kocijan [21] . Another anodic peak (point B) is observed at 0.67 V SCE . This is probably the oxidation of Cr atoms into Cr 6+ [21, 28, 29] . First peak in the cathodic cycle (point C) may be the reduction of Cr . While the peak at − 0.6 ~ − 0.7 V SCE (point D) could be ascribed to the reduction of Fe 3+ [21, 29] . In contrast, a slight difference in the values of the current density existed especially at 0.6 and − 0.7 V SCE . The reason might be the situation that chromium carbides precipitated in grain boundaries for sensitized specimen and formed chromium-deplete zone, leading to the decrease of oxidation rate of Cr as result of the decrease of current density at 0.6 V SCE . Furthermore, at approximately − 0.7 V SCE , the weak zones , resulting in the increase of current density.
Polarization Measurements
EIS Measurements
The electrochemical impedance spectroscopy (EIS) is utilized to characterize the electronic properties of passive films on metals and alloys for obtaining information on the electronic structure, mechanism and the passive film growth model. This technique has been used either to propose an equivalent circuit for an electrochemical system.
In order to investigate relative stability of the passive films formed on the steels, EIS measurements are carried out. According to the polarization curves, six potentials in the passive region are chosen for electrochemical impedance analysis. Figure 4 shows the Nyquist plots of both specimens at different applied potentials in borate buffer solution. The impedance is applied potential dependence. However, it is not proportional to the potential, which is different from the regularity of 316L stainless steel in 0.2 M borate buffer solution [17] . The resistances for higher potentials decrease a lot, compared with lower potentials for both as-received and sensitized specimens. The equivalent circuits of Nyquist plots are also presented in Figure 4 . In the circuit R s , R 1 represent the resistance of solution and the charge transfer resistance. R t is the film resistance and C the double layer capacity. Q is the constant phase element (CPE) considering relaxation times due to heterogeneities at the electrode surface [30, 31] . The impedance of CPE is given by
Therefore, the total impedance is where ω is the angular frequency, n is the exponent of the CPE and always lies between 0.5 and 1. The fitting results are shown in Table 2 . As present in Table 2 for as received specimens, the resistance changes at the potential of 0-0.2 V SCE where the current density peak is observed in the cyclic voltammograms. Consequently, a good relationship existed between EIS and cyclic voltammograms. In Figure 5 , the resistances of as-received specimens are always higher than sensitized ones at all potentials, which indicates that the corrosion resistance of sensitized specimens decreases due to sensitization. The difference is bigger in lower potentials than in higher potentials. It is probably that the rate of anodic dissolution is slower than the rate of the oxidation of the Fe 2+ and Cr 3+ . Besides the resistance of as-received specimens is not linear relationship with applied potential, which is different to Ref. [32] .
Mott-Schottky Analysis
It is well known that the passive films formed on stainless steels exhibit semiconducting behavior based on the Mott-Schottky analysis [11, 16, [33] [34] [35] [36] . Doping density in the passive films can also be calculated by slope of MottSchottky results. The capacitance of the passive films can be obtained by Eqs. (3) and (4): for n-type semiconductor for p-type semiconductor
where E stands for applied potential, ε is the dielectric constant of the passive film (ε = 15.6 [37] ), ε 0 is the permittivity of free space (8.854 × 10 −14 F/cm), e is the electron charge (1.602 × 10 where Z″ is the imaginary part of the impedance and f represents the frequency. The space charge capacitance is very small compared to that of the Helmholtz layer. The capacitance of the space charge region becomes important but is still smaller than that of the Helmholtz layer. Therefore, the capacitance of the double layer can be neglected, and obtained capacitance C is regarded as the space charge capacitance.
As shown in Figure 6 (a)-(c), two stainless steel specimens have almost the same flat-band potential of − 0.6 V SCE . For two specimens the passive film show negative slope at − 1.2 ~ − 0.6 V SCE , indicating performs p-type semiconductor, while the passive film exhibits positive slope at the potential range of − 0.6 ~ − 0.1 V SCE , indicating n-type semiconductor property. Variation of p-type to n-type to p-type repeatedly appears at the potentials from − 0.1 V SCE to 0.1 V SCE , from 0.1 V SCE to 0.4 V SCE and from 0.4 V SCE to 1.0 V SCE . The various semiconductor properties may be caused by the compositions of the passive films [36] . The oxygen vacancies and metal interstitials in passive film endow n-type characteristic (Fe 2 O 3 , TiO 2 , MoO 3 , Fe(OOH), etc.), while cation Figure 5 A comparison of the variation potential of the charge-transfer resistance between as-received and sensitized specimens [38] . The n-type semiconductor is probably due to the formation of Fe 2 O 3 and Fe(OH) 3 with the dominant donor species of oxygen vacancies. Besides, Fe-Cr spinel may contribute to n-type semiconductor [39] . In alkaline solutions oxides of iron are much more stable than oxides of chromium. So oxides of chromium will be preferential to dissolve and the passive films perform p-type at potentials higher than 0.5 V SCE . The discussion above will be demonstrated by XPS analysis.
The variations of the donor and acceptor densities with potential are shown in Figure 7 . It is demonstrated that the slope of Mott-Schotty plots is different from each other at various potentials. The higher in slope indicates lower concentration of defect in the passive film. Corresponding to the impedance spectroscopy, the resistance of the film is larger. As shown in Table 2 , the resistance of the passive film decreases from the potential of 0.2 V SCE to 0.6 V SCE , at the same time, in Figure 7 N D increases at the same potential range. The reason is that when the concentration of the defect is lower, space charge layer capacitance is lower and it is difficult for charge to transfer, so the reactions at the interface are unlikely to proceed, which leads to the better corrosion resistance. It is obvious that at specific potential N A is always higher than N D . Compared with as-received specimens, the N D values for sensitized ones are always higher, which means more defects in the film formed on sensitized specimens.
XPS Analysis
To further demonstrate the results of the cyclic potentiodynamic and Mott-Schotty results, XPS measurements are used to directly characterize the composition of passive film formed on specimens after polarization at two potentials for 1 h. The Cr 2p 3/2 , Fe 2p and O1s XPS signals after obtained at 0.2 V SCE and 0.6 V SCE for 1 h are presented in Figure 8a -f. At 0.2 V SCE the main oxides in the passive film are Cr 2 O 3 , Cr(OH) 3 , Fe 2 O 3 and FeO. This is agreed well with the result of cyclic voltammograms which show higher concentration of Cr 3+ after the first anodic peak. When the potential increases to 0.6 V SCE , CrO 3 appears and results into the second anodic peak. Intensity variation of chromium and iron oxides is different from 316L stainless steel and 304L stainless steel [21, 28] . The fitting parameters for chromium, iron and oxygen were shown in Table 3 . The thickness of passive film was estimated to 10 nm, thicker than 316L polarized at 0.6V SCE in H 2 SO 4 [23] .
According to the oxides in different potentials, some reactions may be required. Before 0.2 V SCE Fe and Cr dissolve and Fe 2+ is oxidized to Fe 2 O 3 , so the passive film performs n-type semiconductor property which is agreed with the Mott-Schotty results. The anodic polarization process is as follows: The dissolution of Fe and Cr decreases and the current density increases from 0.2 V SCE to 0.6 V SCE . Therefore, the following reactions may occur:
Reactions above demonstrate that the passive films are constituted by Cr 2 O 3 and Fe 3 O 4 , which makes the passive film behave p-type semiconductor. The conclusion is also precisely consistent with the Mott-Schotty results [40, 41] .
Diffusivity of Defects
The migration of point defects is a key parameter which can be evaluated by the diffusivity of the point defects (D 0 ) based on the Mott-Schotty results and PDM theory. The dominant donor species in n-type semiconductor are oxygen vacancies and metal interstitials. As shown in Figure 8(c) and (d) , the intensity of FeO at 0.2 V SCE and 0.6 V SCE are almost the same, so we can assume that the content of metal interstitials remains unchanged at different
potentials and oxygen vacancy is the dominant role during the transport of point defects. Consequently, oxygen vacancy diffusivity can be calculated according to PDM [42] .
The relationship between them is as following based on PDM:
where V ff is the applied potential, ω 1 , ω 2 and b is the unknown parameters [43] . The values of the parameters can be calculated by the fitting curve of donor densities of the passive films. The diffusivity can be acquired from Eq. (15): where ε L represents the electric field strength, J 0 is the flux of the defect, F is Faraday constant, R is gas constant and T is temperature.
For n-type semiconductor, J 0 is determined by the flux of oxygen, so J 0 could be expressed as [43] :
where i ss is the steady-state current density.
According to PDM [42] , where α is the polarizability of the film/solution interface, assuming α = 0.5, B is a constant. In the high electric field model field strength, ε HFM satisfies the following equation:
Consequently, substituting Eqs. (15)- (18) (13) 
Impedance Response of Passive films
According to PDM(III) [44, 45] the impedance function in the electrochemical system can be defined as where V ac (ω) and I ac (ω) are the external AC potential and current, respectively, and ω is the frequency. Equation (20) can also be expressed as
So the total current of passive film includes electronic current due of electron transport, electronic current of the diffusion of electron holes, ionic current of the transport of oxygen vacancy and ionic current due to the transport of interstitial cation. Thus Since the rate-controlling step for electrochemical reactions is at interface, and electron transport is fast. Thus the transport of electrons in the passive film is similar to that in metals, it is conceivable that Ze equals to Re. The impedance for electron holes can also be formulated as a resistor, i.e., Z h = R h .
The another rate-controlling step is the transport of the anions or anion vacancies across the passive film. Accordingly, the anions at the metal/film (m/f ) and film/ solution (f/s) interfaces are assumed to be in their equilibrium states. This implies that potential differences at these interfaces affect the concentrations of anions or anion vacancies.
The impedance function for anions and cations can be expressed as where and where
At high frequencies where ω >> DK 2 , the total impedance for the passive film Z f can be reduced to a simple form:
The diffusivities of oxygen anion and metal cation vacancies in most passive films at room temperature are smaller than 10 −20 cm 2 /s and the K value for of passive films is approximately 0.38/cm. Therefore, the relationship of ω >> DK 2 can be satisfied whenever ω > 10
Hz. Accordingly, Eq. (26) is adequate in all practical conditions. When the electronic current becomes negligible compared with the ionic vacancy currents, Eq. (26) can be further simplified. This situation can be observed when the test solution contains negligible redox species, such as in the absence of an electron exchange reaction at the f/s interface. Accordingly, the total impedance can be expressed According to Mott-Schotty analyses and diffusivity of doping concentration, σ O and σ M for as-received specimen can be calculated. Fitting and experimental results are shown in Figure 9 .
Comparing with the experimental results, there is some error producing after calculating. The error is 37.3%. The main reason is that there are some limitations in PDM I which we use. Firstly, the passive film formed on stainless steel is bi-layer films (proved in Sections 3.4 and 3.5), (27) 32:27 whereas it was supposed that the passive film is a single layer for calculating. Secondly, there are more defects in the film such as interstitials in addition to cation vacancies and oxygen vacancies. In contrast, the interstitials were neglected in PDM. Thirdly, the outer layer including Fe oxides could dominate the interfacial impedance but not the inner layer [46] . The formula was corrected on the basis of above reasons adding in the metal ion interstitials. So Eq. (26) becomes
The corrected results are shown in Figure 10 . And the fitting error decreased to 9.53%.
Conclusions
The passivation behavior and corrosion resistance of as-received and sensitized AISI 304 stainless steel were investigated by electrochemical techniques and XPS and DPM. Following results are obtained.
(1) As-received and sensitized AISI 304 stainless steels had both anodic polarization behavior. But pitting corrosion potential of sensitized specimen was a little lower than the as-received one due to precipitated C 23 C 6 along grain boundaries. (2) The EIS measurements revealed that the impedance diameter of as-received specimens was always higher than that of sensitized specimens at all potentials. The difference in value was bigger in lower potentials than in higher potentials. It was probably that the rate of anodic dissolution was slower than the rate of the oxidation of the Fe 
tized specimen had more defects than as-received one. 
